Abstruct-Shared compliant control has been incorporated into an advanced six-degree-of-freedom (6-DOF) force-reflecting telemanipulation system. With this system we have investigated the effect of time delay on human telemanipulation task performance. Time delays of between 2 and 4096 ms were introduced between master and slave arms, and high-precision peg-in-hole tasks were performed by six test operators with two modes of control: kinesthetic force feedback (KFF), and shared compliant control (SCC). Task performance was quantified in terms of the completion time (CT) and the sum of square forces (SOSF). In KFF, the operator feels forces and torques proportional to those sensed by the telerobot through the force-reflecting hand controller. Due to the instability problem, force reflection cannot be used at time delays above 0.5 to 1 s. By contrast, the force feedback loop in SCC resides entirely in the robot side, and the communication delay does not cause any stability problem. SCC enables the operator to control the telemanipulator having a compliant hand, which softens contact forces between the robot hand and objects. The experimental results demonstrate the superiority of SCC over KFF for time-delayed telemanipulation. SCC has significantly lower rates of increase than KFF in both CT and SOSF with time delay. Only SCC enabled task performance at delays above 1 s, indicating that SCC is a promising and essential scheme for time-delayed telemanipulation. Constant force maintenance tasks were also performed to investigate the effect of time delay on the stability of force reflection. SCC also has beneficial effects on telemanipulation without time delay.
[9]. However, this force-reflection technique can be utilized only up to an approximately 0.5-to 1-s communication time delay, since a long time delay in the force feedback loop causes the system to be unstable. Therefore, in ground-station-based space telerobotics applications, feedback of the robot hand force signals should be done locally in the robot side (without kinesthetic force feedback) so that the force feedback loop does not include a long communication time delay.
Based on this rationale, we have recently constructed shared compliant control [ 171, [ 181 for time-delayed telemanipulation. The forces/torques sensed at the robot hand are fed back to the operator's command position, arriving at the robot side through a communication link. This local force feedback in the robot side makes the stiff robot hand compliant, which enables the human operator to control the telerobot having a compliant or springy (not stiff) hand. This control scheme is an augmentation of direct manual control with a robotside autonomous compliance function and can be viewed as shared control in the sense that the control task is shared by the human operator's manual control and the robot-side autonomous function.
Considerable efforts have been devoted to the development of compliant control of robots. Significant contributions include compliant damping control [25] , active stiffness control [22] , hybrid position/force control [21] , impedance control [12] , remote compliance center [26] , multiarm control [lo] , [24] , and shared control [3] , [7] , [ l l ] , [16] , [18] . In our implementation [ 151, [17] , [18] , shared compliance control is implemented by low-pass-filtered force feedback, which is equivalent to position-based impedance control [ 191. Other work has concentrated on the stability problem when the loop formed by force reflection contains time delay elements. Anderson and Spong [l] , [2] came up with the idea of a control law based on scattering theory that made the time delays in the communication link appear to be a passive transmission line. The resulting system is therefore stable for passive loads at the master and slave ports. Recently, Niemeyer and Slotine [20] added an impedance matching feature to prevent "reflections" from the boundaries between the transmission line and the master and slave manipulators. This paper describes laboratory experiments performed at the Jet Propulsion Laboratory (JPL) Man-Machine Systems Lab to investigate the effects of time delay on human telemanipulation task performance with either force reflection or shared compliant control. This work made use of much technology, software, and methodology from previous developments and studies [5] , [7] , [8] , [23] .
A FORCE-REFLECTING TELEMANIPULATION SYSTEM
Recent work at JPL in real-time-distributed computation and control has culminated in a prototype force-reflecting telemanipulation system having a dissimilar master and slave, an extremely high sampling rate (1000 Hz), and a low computation delay (approximately 10 ms for the round-trip feedback loop)
[5], [23] . The human operator controls a 6-DOF PUMA560 arm (slave arm) with a 6-DOF force-reflecting hand controller (master arm). The kinesthetic force feedback conveys to the human operator the sensation of directly manipulating the environment.
A. Hand Controller
The hand controller used [4] is a back-drivable (cable driven, low gear ratio) and gravity-compensated 6-DOF arm. The first three joints forming a spherical arm determine the position of the handgrip, while the last three intersecting joints (gimbals) of the handgrip determine its orientation (roll, pitch, yaw) . The motion range of the hand controller conforms to the comfortable motion range of one hand of the human operator seated at the console. When a wider motion range is required for the remote robot arm, an index trigger (deadman switch) is used to reposition the handgrip. The robot is activated only when the index trigger is pressed. When the handgrip is released, it can be moved to a new comfortable position without activating the robot. The force reflection to the human operator is provided by the hand controller dc motors that apply appropriate forces and torques to the operator's hand. The resulting forces and torques are proportional to those sensed at the robot hand. Cables, instead of gears, are used for the motor power transmission for very low friction and negligible backlash at the handgrip. The hand controller is gravity compensated by a sophisticated mechanical design using counterweights, so that it can be balanced at any position under gravity when there is no force reflection.
B. Electronics Architecture and System Description
In our force-reflecting system, two multiprocessor systems using National Semiconductor NS32016 processor development boards (DB32000) based on Multibus-I are employed: one for the robot side and the other for the hand controller side. The two systems communicate through two 8-b parallel 1/0 lines with a data transfer rate of 1 byte per 125 ps in each direction (very recently the parallel 1/0 lines have been replaced with a 5-Mbaud fiber-optic link). Eight bytes, consisting of 1 header byte, 6 bytes of Cartesian coordinate incremental position commands (x, y, z, roll, pitch, yaw), and 1 trailer byte, are transferred from the hand controller to the robot side at a rate of 1 kHz. At the same time, 8 bytes, consisting of 1 header byte, 3 bytes of forces (x, y, z), 3 bytes of torques (roll, pitch, yaw) , and 1 trailer byte, are transferred in the reverse direction synchronously [23] .
Task processes in the robot side multiprocessor system (four NS32016 CPU boards) include communication with the handcontroller side, communication with the force/torque sensor, inverse kinematic computation of the PUMA560 arm, and motor servo control for the six joints of the PUMA arm (1-kHz servo rate). Task processes in the hand-controller side multiprocessor system (three NS32 016 CPU boards and one Parallax graphics card) include communication with the robot side, kinematic computation of the hand controller, motor servo control for the six joints of the hand controller (1-kHz servo rate), and graphics display of the forcehorque data. Three forces (x, y, z axes) and three torques (roll, pitch, yaw) , sensed by the force-torque sensors mounted on the PUMA robot hand, are first transmitted to the robot side processor system through a fiber-optic serial I/O line at a 9600-baud rate. Six bytes of the force/torque signals are transferred at a relatively slow 120-Hz rate. The signals are then transmitted to the handcontroller side system, and transformed to the corresponding joint torques for the hand controller. In the current system, the force reflection ratio from the robot hand to the hand controller is 10:1. Namely, the human operator feels a 0.5-lb force when the robot hand senses a 5-lb force.
C. Time Delay Unit
In order to investigate time-delayed telemanipulation, we designed and integrated a time-delay unit to the system. The unit has been inserted into the parallel 1/0 lines connecting the robot side and hand-controller side multiprocessor systems. The time delay unit actually delays only the forward path from the hand controller to the telerobot. A communication link having T-seconds time delay in each of the forward and reverse paths is simulated by inserting 2T-seconds time delay in the forward path only. This one-way time-delay simulation method is correct, as long as the tasks are stationary, namely, the task performances are statistically the same regardless of when they occur (the above method would be incorrect when the task must be achieved at a certain absolute time). This oneway time-delay equivalence simplifies the implementation of the time-delay simulation tremendously, since in this case we do not have to delay video signals that require very high speed data acquisition and very large data storage. In the current design, a 64-kbyte memory buffer is used to store Cartesian incremental position/orientation commands coming from the hand controller. Since 8 bytes are transmitted per millisecond from the hand controller, 64 kbytes allows us to store 8192-ms time delay data. By use of this time-delay unit, we simulate a time-delayed telemanipulation system. Pure time delay can be added to the system from a minimum of 2 ms to a maximum of 8.192 s in 1-ms incremental steps.
SHARED COMPLIANT CONTROL
Shared compliant control with spring effect has been implemented recently [17] as a new feature added to the forcereflecting telerobot system (the previous shared control implementation used only the damper effect) [5] , [23] . Shared compliant control means that the control task is shared by both the human operator's direct manual control and the autonomous compliant control of the remote robot system. In a conventional telemanipulation system, each joint is controlled by a very stiff position servo, and thus the human operator has to control a stiff telerobot. A stiff telerobot tends to hit or collide strongly with objects or walls. In shared compliant control, the human operator controls the telerobot having a compliant telerobot hand. The compliant hand tends to soften collisions and touch objects or walls softly without exerting much force. It is also compliant to the environmental constraint, facilitating telemanipulation task performance. For example, in the pegin-hole task, the compliant hand can accommodate itself to the hole structure, that is, it can automatically prevent jamming.
A. Active Compliance
One approach to implementing a compliant haqd is passive compliance. For example, specially designed mechanical structures such as a spring-loaded wrist or a remote compliant center (RCC) wrist [26] can be used. The passive mechanical devices are typically capable of quick responses and are relatively inexpensive. However, the compliance parameters of a passive mechanical device are fixed. Different tasks may require different mechanical structures. A programmable active device, in contrast, allows adjusting compliance parameters and coordinate transformation in software. Different parameters and transforms can be used according to different phases of an assembly task. However, quick response is usually difficult to achieve with active compliance due to the stability problem of the forcehorque feedback.
As described in companion papers [15] , [MI, we have implemented on the PUMAS60 telemanipulator system active compliance with a spring effect. This implementation emulates a programmable mechanical passive spring for each axis in Cartesian task space (of six degrees of freedom). The forcehorque signal at the robot hand is first low pass filtered by computer software and then fed back to the position/orientation command signal that comes from the human operator side (Fig.  1 ). This forcehorque feedback has the effect of giving the robot hand behavior similar to a damped spring (in each of the task space dimensions) in series with the stiff, position-controlled, robot manipulator. An approximate mechanical equivalent of the above implementation consists of a spring connected in parallel with a damper. In general, a higher force feedback gain results in more compliance (less stiffness) but requires a lower bandwidth of the low-pass filter (more sluggishness) to stabilize the system. The stability of the active compliance feedback is analyzed in detail based on Bode frequency plots in companion papers of [13] and [15] .
B. Compliance Measurements
The compliance of the robot hand for the x axis was measured for five different force feedback gains of the low- 10, 20, 30, and 40, respectively . This indicates that the compliance of the robot hand is given by 0.043K inbb (stiffness is 23.2/K lb/in ) in our design ( Fig. 2(b) ).
C. Parameter Selection Menu
From a software menu on the display screen, the operator can select different combinations or change parameter values associated with force reflection, compliance, and damping. For instance, we can use force reflection only (without active compliance) for the three Cartesian positional axes and compliant control only (without force reflection) for the three remaining Cartesian orientational axes. Different parameter values result in a system that behaves differently. Task-level parameter selection can also be provided. For example, when the operator selects the insertion task option, all the parameters associated with force reflection and compliant control will be automatically specified. Good insertion performance might need very small or no compliance along the insertion axis compared to the other remaining axes. The operator can also specify the distance from the wrist to the tool center to indicate the desired compliance center like a "programmable" or "active" remote compliance center.
IV. EXPERIMENTAL METHODS
Two tasks, constant force maintenance and a high-precision peg-in-hole task, were used to evaluate two modes of telemanipulator control with different time delays. The time delay introduced into the master-slave communication channel ranged from 2 to 4096 ms in addition to the approximately 12 ms of computation/communication delay. The hand controller . of the master side was installed in the control station in a separate room from the PUMA arm of the slave side. Three video camera views of the task board and robot were provided in the control station: top, upper left, and upper right views of the task board. Focus and zoom were fixed throughout the experiments. During the experiments, the force/torque data of the robot hand were recorded to a hard disk at a 100-Hz sampling rate through a parallel I/O port of MASSCOMP (MC 5400), which supports real-time 1/0 data transfer.
A. Constant Force Maintenance Task
This task was to make contact with a flat panel in the task board surface and control the slave to exert a constant contact force of 10 lb normal to the surface using kinesthetic force feedback (KFF). Operators were instructed to make occasional use of a graphical display of sensed contact force for numerical accuracy of the force magnitude. The delays tested in this experiment were 2, 4, 8, 16, 32, 64, 128, 256, 512 , and 1024 ms. Robot motion was disabled in all but the Cartesian axis normal to the task board. Earlier work has described the effect of operator mechanical impedance on a single axis model of this system [6]. In this study, we document the extent of this effect in the six-axis system by repeating the experiment under two instructions to the subjects: "maintain a rigid-as-possible grasp on the hand controller,'' and "maintain a loose grasp on the hand controller." After the experiments, the force signal during each contact maintenance task was then analyzed with the fast Fourier transform (FIT) to see if there is an oscillation frequency at which a significant peak amplitude occurs.
B. Peg-in-Hole Task
A 7 in x 7 in peg-in-hole task module mounted on the center of the 21 in x 21 in task board [9] was used for the peg-in-hole task (Fig. 3) . The peg-in-hole task module has nine holes arranged in a square matrix. Each hole has the same depth of 2.5 in but has different clearances and chamfers. For simplicity, in our experiments, only one hole with 3.6-mil clearance and no chamfer was used. The hole diameter was 1.0016 in. The peg was 4.75 in in length and 0.998 in in diameter. A 1 in x 1 in square was marked on the taskboard in the vicinity of the hole. The operator made momentary contacts with the designated square to indicate the beginning and the end of the task. The resulting force spikes in data records provided well defined bench marks (referred to as taps) for measurement and interpretation of the progress of the task. Each operator was asked to perform the following peg-in-hole task sequences: 1) tap the designated square with the peg held by the robot hand; 2) move the peg toward the designated hole of the peg-in-hole task module; 3) insert the peg into the hole completely; 4) release and tap the peg; 5) grasp and take out the peg; 6) finally move the peg back to the designated square and tap again.
The two control modes evaluated with the above peg-inhole task were kinesthetic force feedback (KFF) and shared compliant control (SCC). In the kinesthetic force feedback condition, the human operator used a stiff telerobot hand in performing peg-in-hole tasks but received kinesthetic force feedback through a force-reflecting hand controller. Five time delays of 2, 16, 256, 512, and 1024 ms were tested. Time delays longer than about 1024 ms caused a degree of instability felt to be harmful to the force-reflecting system, and thus the experiments were limited to 1024 ms. Subjects performed the peg-in-hole task for each of five time delays five times in random order (25 tasks in total) .
In the shared control condition, the human operator did not receive kinesthetic force feedback but used the compliant telerobot hand in performing peg-in-hole tasks. Seven time delays of 2, 16, 256, 512, 1024, 2048 , and 4096 ms were tested. Unlike the force-reflecting system, long time delays did not cause instability to the shared control system. Subjects performed peg-in-hole tasks for each of seven time delays five times in random order (35 tasks in total). The compliance and damping parameter values used in the experiment were 0.43 in/lb ( K = 10) and 3.3 lb 1 din (bandwidth BW = 0.11 Hz), respectively. For simplicity, identical parameter values were used for all six Cartesian positionlorientation axes, and no serious attempt was made to find the optimal parameter values. The compliance center of the compliant robot hand was fixed at the tip of the gripper throughout the experiments. If the compliance center is located further out at the tip of the peg as in the remote compliance center (RCC) [26] , it is anticipated that the task performance may be enhanced. However, the peg tip was not used as the compliance center in our experiments because the peg tip position was not fixed and varied with different grasping.
The task completion time (CT) and the sum of square forces (SOSF) were used as the two performance measures of the peg-in-hole task. There is a reason that the SOSF was used as a performance measure [9]. Briefly, SOSF is better than a normalized measure such as root-mean-squared (rms) force because it is additive between different axes and different experiment times. For example, it is simple to add results from 10 repetitions (each with different execution times) and have them equally weighted. This is not true of rms or magnitudeaverage-type measures. The magnitude of SOSF is assumed to relate to the risk of equipment damage and the robot maintenance costs. SOSF weights larger forces more than small ones (because of power 2). SOSF might be roughly considered as a measure for mechanical impulse interaction between the robot hand and the environment.
C. Test Operators
Six test operators participated in both the kinesthetic force feedback and the shared compliant control experiments. The experimental test operators were selected from laboratory workers with a range of telemanipulation experience ranging from none to 50-100 h of laboratory telemanipulation. All operators first trained themselves until they could complete the peg-in-hole task within 50 s without any difficulty when there was no time delay added. Then the operators performed one complete set of experiments as a practice run; there were 25 peg-in-hole tasks in the kinesthetic force feedback and 35 tasks for the shared compliant control experiment. Thereafter, actual experiments were performed for experimental data collection.
v. RESULTS AND DISCUSSION

A. Constant Force Maintenance Task
Four operators performed the contact task for 30 s at each of the specified values of time delay. The dominant frequency of oscillation (if any) determined by the FFT analysis was plotted against time delay (Fig. 4) for each subject in both the "rigid" and "loose" instructions. Also plotted is a dotted-dashed line (marked with X'S ) illustrating the frequency at which the added time delay is equivalent to a phase lag of 180'. With the rigid grasp instruction, oscillation was nonexistent or less than 0.5 Hz for all subjects and delays (Fig. 4(a) ). This indicates that the subjects were able to eliminate oscillations under all tested delay conditions. With the loose grasp instruction (Fig. 4(b) ), as delay increased, there was a delay at which each operator's force level began to oscillate. The delay at which the transition from stable to oscillatory control occurred varied among the operators from 64 to 512 ms. The frequency of oscillation was in each case less than 1/2T, with most operators' oscillation frequency converging to the 1/2T line as the imposed delay T became large compared to the system's intrinsic delays.
In the experimental results of Fig. 4 , firm grasp showed no sign of oscillation throughout the 4096-ms time delay, while loose grasp showed some degree of oscillation at time delays greater than 64 to 512 ms. This variation in the maximum nonoscillation time delay can be understood since loose grasping may vary a lot within and between operators. Recent experimental measurements [ 141 indicate that the effective stiffness of the operator's hand during firm grasping (5-10 lb/in with 3-Hz bandwidth) is higher than that during loose grasping (0.5-1 lb/in with 1-Hz bandwidth). Since the openloop gain of the force-reflecting control system is inversely proportional to the effective stiffness of the operator's hand holding the force-reflecting hand controller as described in [14] , it can be understood that a firm grasp having higher stiffness (lower compliance) allows a higher force feedback gain or a longer time delay in the feedback loop as compared to a loose grasp. It has also been shown experimentally in "forward-flow" telemanipulation [6] that a limp grasp by the operator destabilizes the teleoperation loop, and a firm grasp stabilizes it (exactly the opposite of the case for the slave side). The limp grasp has a higher gain from applied force to deflection, while the firm grasp has a lower gain. It is interesting to observe the analogy between force reflection and shared compliant control. In force reflection, the operator's hand acts as a low-pass filter, smoothing the forces and torques applied. The operator's position commands are affected by these low-pass-filtered forces and torques. In shared compliant control, an actual low-pass filter is used instead, which is functionally equivalent to the operator's lowpass filtering. Two major differences between force reflection and shared compliant control are: 1) force reflection allows the operator to feel forces and torques sensed at the robot hand, while 2) shared compliant control allows the forcehorque feedback loop to reside entirely in the robot side.
B. Peg-in-Hole Task
Typical traces of the force along the x axis (the x axis was assigned to be parallel to the axis of the hole) for KFF ( (Fig. 6(a) ) and SOSF ( Fig. 6(b) ) for each operator with KFF show variations among operators (intersubject variation) that are comparable to the variation of performance within each operator (intrasubject variation). The result shows a consistent increase in both CT and SOSF as the time delay increases. Stability also became more and more marginal as the delay increases. Operators compensated to some extent by stiffening their grasp on the handgrip. When delays are over 1024 ms, operators could not perform the task safely due to severe instability problems. When shared compliant control was used for the same task, intersubject performance was similarly consistent (Fig. 7) . Task performance was practical up to the full 4096-ms delay.
Greater delays were not formally tested, but successful task completion was demonstrated to the full 8-s capability of the delay simulation.
Finally, averages over all subjects (from the same data as in Figs. 6 and 7) were computed and plotted to directly compare compliant and force feedback performance (Fig. 8) . The superority of SCC over KFF in the time-delay operation is clearly shown. Only SCC enables the operator to complete the task at time delays above 1 s. The completion time rose at a rate of 80 times the time delay with KFF ( Fig. 8(a) , solid line), while the completion time rose at a much lower rate of 33 times the introduced delay with SCC ( Fig. 8(a) , dashed line). This lower rising rate amounted to large reductions in total completion time at delays above 125 ms (e.g., 67 s versus 125 s at 1-s time delay). When no significant time delay (a delay of 2 ms) was introduced, performances with the two control modes were approximately equivalent; the completion time for the task was about 38 s, slightly better but comparable to the times reported for the same task in earlier KFF experiments [8], [9]. The SOSF measure of applied force (Fig. 8(b) ) showed even more dramatic differences. Again, the performance started out approximately the same for the two modes at negligible delay (700 lb2 s, also in agreement with earlier results) but diverged at substantially different slopes as delay was introduced. With KFF, the SOSF increased at a rate of 3900 lb2 while for the SCC mode, the measure rose at only 138 lb2. 
VI. GENERAL DISCUSSION
In the foregoing experiments, force reflection and shared compliant control were used separately. Although no extensive experiments were performed, tests show that the combined use of shared compliant control and force reflection can improve the safety and stability of force-reflecting teleoperation. In a typical force-reflecting telemanipulator, the forcehorque of contact between the robot and an object is not controlled autonomously. The remote manipulator moves strictly according to the human operator's position command, while the contact force fed back through the hand controller helps the human operator to reduce undesired contact force components. Adding active compliance and damping to a stiff robot hand helps to soften mechanical contact interaction between the manipulator and objects. Therefore, smoothness in mechanical contact and safety are significantly improved by use of shared compliant control. A force-reflecting telemanipulator system combined with shared compliant control results in a system having two feedback loops: the inner loop for compliant control residing in the robot side and the outer loop for force reflection. The inner control loop for compliance and damping has a small tendency to stabilize the force-reflection loop and smoothen the mechanical interaction of the robot with the task environment. For example, slightly more stable forcereflecting teleoperation was possible at 1-s time delay with active compliance. Our experience with the existing force-reflecting system supporting dissimilar master-slave arms shows that the maximum force reflection gain from the robot hand to the forcereflecting hand controller is limited to approximately 0.1. Namely, the human operator feels only a 1-lb force, when the telerobot hand senses a 10-lb contact force. This poor force reflection is mainly because the combined stiffness of the manipulator and the environment is much higher than the effective stiffness of the operator's hand holding the force-reflecting hand controller [ 141. A simple combination of force-reflecting control and compliance control improves the force-reflection gain, but only slightly-no more than a factor of 2. Kim [14] recently invented two new schemes of forcereflecting control-position-error-based force reflection and low-pass-filtered force reflection combined with compliance control-that enable outstanding force reflection gains of up to two or three for dissimilar master-slave arms.
Based on the above observations and the time-delay experiments reported in this paper, we suggest the following two human-telerobot shared control schemes for efficient telemanipulation depending upon the time delay. When the time delay is less than approximately 0.5-1 s, both force reflection and shared compliant control can be used (Fig. 9(a) ). When the time delay is greater than approximately 1 s, shared compliant control alone without force reflection can be used (Fig. 9(b) ).
VII. CONCLUSION
This study has quantified the performance of an advanced telemanipulation system ' in the presence of time delays between a master control station and a slave robot. These delays were tested over a wide range ( 2 to 4096 ms) because contemplated applications impose a wide range of delay sources such as multiple satellite links to low earth orbit (2-8 s), geosynchronous operation (0.5 s), spacecraft local area networks (50 ms), and general-purpose computer-based short-distance designs (10-50 ms).
Time-delay experiments with high-precision peg-in-hole tasks indicate that task performance decreased linearly with introduced time delays for both KFF and SCC, but the rate of this decrease was substantially improved with shared compliant control as compared to kinesthetic force feedback. Finally, task performance at delays above 1 s was not possible using kinesthetic force feedback. Shared compliant control enabled task performance for time delays above 1 s, which are realistic time-delay values for ground-controlled remote manipulation of telerobots in space.
